handling and cardiac hypertrophy with death at an early age. In this report, the role of signaling molecules implicated in cardiac hypertrophy of Ryr2 ADA/ADA mice was investigated. Calcineurin A-␤ (CNA-␤) and nuclear factor of activated T cell (NFAT) signaling were monitored in mice carrying either luciferase transgene driven by NFAT-dependent promoter or knockout of CNA-␤. NFAT transcriptional activity in Ryr2 ADA/ADA hearts was not markedly upregulated at embryonic day 16.5 compared with wild-type but significantly increased at postnatal days 1 and 10. Ablation of CNA-␤ extended the life span of Ryr2 ADA/ADA mice and enhanced cardiac function without improving sarcoplasmic reticulum Ca 2ϩ handling or suppressing the expression of genes implicated in cardiac hypertrophy. Embryonic day 16.5 Ryr2 ADA/ADA mice had normal heart weights with no major changes in Akt1 and class II histone deacetylase phosphorylation and myocyte enhancer factor-2 activity. In contrast, phosphorylation levels of Erk1/2, p90 ribosomal S6 kinases (p90RSKs), and GSK-3␤ were increased in hearts of embryonic day 16.5 homozygous mutant mice. The results indicate that an impaired calmodulin regulation of RyR2 was neither associated with an altered CNA-␤/NFAT, class II histone deacetylase (HDAC)/MEF2, nor Akt signaling in embryonic day 16.5 hearts; rather increased Erk1/2 and p90RSK phosphorylation levels likely leading to reduced GSK-3␤ activity were found to precede development of cardiac hypertrophy in mice expressing dysfunctional ryanodine receptor ion channel.
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calmodulin; calcineurin/nuclear factor of activated T cell; class II histone deacetylases/myocyte enhancer factor 2; extracellular signalregulated kinase; glycogen synthetase kinase 3 CARDIAC HYPERTROPHY AND HEART failure are complex diseases that develop in response to physiological and pathological stimuli (13, 16, 20, 21, 28, 46) . Physiological hypertrophy induced by exercise training is not associated with overt cardiac dysfunction and can be reversed by normal cardiac workloads. Physiological cardiac hypertrophy is thought to be largely controlled through activation of receptor tyrosine kinases that regulate protein synthesis via Akt/PKB signaling. In contrast, pathological hypertrophy occurs in response to prolonged mechanical stress or abnormal neurohormonal activation and has been studied in genetically modified mice subjected to transaortic banding and hormone stimuli. Pathological cardiac growth is triggered via signaling pathways that in many cases are activated by temporal imbalances in cellular Ca 2ϩ concentration.
Pathological cardiac hypertrophy may be triggered via the entry of Ca 2ϩ through canonical transient receptor potential channels (TRPCs) (8, 48) and by hormones that cause Ca 2ϩ release from inositol-1,4,5-trisphosphate (IP 3 )-sensitive stores (13) . Ca 2ϩ plays a critical role in cardiac hypertrophy by binding calmodulin (CaM) and protein kinases C. One proposed pathway involves calcineurin (CN), a Ca 2ϩ /CaM-activated serine/threonine phosphatase that dephosphorylates nuclear factor of activated T cell (NFAT), a transcription factor implicated in pathological cardiac hypertrophy (20, 21) . A second signaling mechanism involves the activation of G q/11 -coupled receptors that lead to the activation of phospholipase C-␤ and generation of diacylglycerol, an activator of protein kinases C, and IP 3 , which binds to its nuclear receptor to cause Ca 2ϩ release in the nucleus and activation of nuclear CaMKII␦ B . Phosphorylation of class II histone deacetylases (HDACs) by CaMKII and protein kinases C and D activates myocyte enhancer factor 2 (MEF2) that regulates cardiac gene expression (28) .
Ryanodine receptors (RyR2) are large ion channels composed of four 560-kDa RyR subunits and four 12.6-kDa FK506 binding proteins (FKBP12.6). Multiple endogenous effectors that regulate RyR2 include Ca 2ϩ , Mg 2ϩ , ATP, and associated proteins such as protein kinases, phosphatases, and CaM (14, 15, 29) . RyR2s are important for normal cardiac function by releasing Ca 2ϩ from the sarcoplasmic reticulum (SR) required for muscle contraction. Aberrant function of RyR2 has been implicated in cardiac hypertrophy and heart failure. For example, PKA-mediated phosphorylation of RyR2 was reported to cause release of the small FKBP12.6 (calstabin 2), leading to a leaky SR Ca 2ϩ channel, aberrant contractile function, and heart failure in animal models and patients (46) . Abnormal SR Ca 2ϩ handling and associated cardiac myopathies were also observed in patients and mice carrying RyR2 mutations associated with catecholaminergic polymorphic ventricular tachycardia (17 ADA/ADA mice. In the present study, we investigated whether the rapid and pronounced onset of cardiac hypertrophy and heart failure in Ryr2 ADA/ADA mice results from early changes in gene expression. We report that neither calcineurin A-␤ (CNA-␤)/NFAT, classII HDAC/MEF2, nor Akt signaling were significantly upregulated in embryonic hearts but that phosphorylation levels of Erk1/2, p90 ribosomal S6 kinases (p90RSKs), and GSK3 were increased in embryonic hearts. The data further indicate that ablation of CNA-␤ extended the life span and modestly improved cardiac contractility, which suggests that CNA-␤ and NFAT participate in but are not essential for cardiac hypertrophy in mice expressing a dysfunctional ryanodine receptor.
MATERIALS AND METHODS

Materials. [
3 H]ryanodine was obtained from Perkin Elmer Life Sciences, and protease and phosphatase inhibitor cocktails were from Sigma. HDAC5 rabbit polyclonal antibody was from Biovision. pHDAC4-Ser246/HDAC5-Ser259/HDAC9-Ser220 rabbit polyclonal antibody was from GenScript. GSK-3␣ rabbit monoclonal antibody and GSK-3␣-Ser21 rabbit polyclonal antibody were from Abcam. Erk1/2, p90RSK, Akt, and GSK-3␤ rabbit monoclonal antibodies were from Cell Signaling Technology. Chemicals were from SigmaAldrich unless specified otherwise.
Genetically Luciferase gene reporter assay. Whole hearts (ventricles and atria) of 1-and 10-day-old mice and ventricles (hearts without atria) of E16.5 mice were homogenized in 2 mM EDTA, 1% Triton X-100, and 25 mM Tris-phosphate (pH 7.8) in the presence of complete protease inhibitors, using a glass homogenizer. Nonsolubilized material was sedimented at 17,000 g for 20 min. Luciferase activity was measured in replicate with 0.1-ml supernatant and 0.2-ml luciferase reading buffer containing 0.5 mM mono-potassium-D-luciferin salt (Thermo Fisher Scientific), 12.5 mM glycylglycine, 7.5 mM MgCl 2, 2.5 mM ATP, and 0.25 mg/ml bovine serum albumin (pH 7.8) using an automated Lumistar Galaxy multiwell plate luminometer (BMG Labtech). Luciferase activity per milligram lysate protein was normalized to WT littermate controls.
Echocardiography. To determine left ventricular cardiac function, transthoracic M-mode echocardiography was performed on restrained, unanesthetized 1-and 10-day-old mice, using Vevo 770 high resolution imaging system (VisualSonics) with a 40-MHz probe. To restrain mice, they were taped down gently to a warmed mouse board made by Indus Industries for VisualSonics.
Quantitative RT-PCR. Gene expression was measured by quantitative RT-PCR using the ABI Prism 7700 Sequence Detector (Applied Biosystems) (23) . RNA was isolated from left ventricles of 10-day-old mice or both left and right ventricles of mouse embryos with the ABI Prism 6700 Automated Nucleic Acid Workstation according to the manufacturer's protocol. Primers and corresponding fluorogenic probes for ␤-myosin heavy chain (␤-MHC), atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and ␤-actin genes were as described (9) . Forward and reverse primers and fluorogenic probes of canonical TRPCs and CNA-␣ were as follows: TRPC1: 5=-GCATCTTCTGCGAACAGCAA-3=, 5=-GTACCAGAACAGAG CAAAGC-3= and FaM-5=-TGACACCTTCCACTCGTTCATTG-GCAC-3=-TAMRA; TRPC3: 5=-TTACTACCTTGGGGCCAAAG-3=, 5=-TATGGACCAAAACAAAGTCTTG-3= and FaM-5=-AATCCTGC TTTTACCACGGTTGAAGAAAG-3=-TAMRA; TRPC6: 5=-TACTC-CTACTACATTGGCGC-3=, 5=-GATAGCCCAGAACAGTGTCTT-3=, and FaM-5=-CAGAATGAAGCATTCACAACAGTTGAGGAAAG-3=-TAMRA; and CNA-␣: 5=-GGAAACCTCGTGTGGATATC-3=, 5=-CTCAATGCAACACTTTCTTCC-3=, and FaM-5=-CCTGCCCTC-CTTCATGAGATGTGCT-3=-TAMRA. Relative mRNA levels are expressed as percentage of WT using ␤-actin as reference.
Preparation of heart homogenates. Whole hearts (ventricles and atria) of day 1 and day 10 mice and ventricles (hearts without atria) of E16.5 mice were homogenized using a Tekmar Tissumizer for 3 ϫ7 s at a setting of 13,500 rpm or glass homogenizer, respectively, in 20 mM imidazole (pH 7.0), 0.3 M sucrose, 0.15 M NaCl, protease and phosphatase inhibitor cocktails, 25 mM ␤-glycerophosphate, 5 mM NaF, and 2.5 mM NaVO 4. Homogenates were stored in small aliquots at Ϫ80°C. Protein concentrations were determined using bicinchoninic acid assay.
Immunoblot analyses. Homogenates (20 g protein/lane) were separated by 10% SDS/PAGE, transferred to nitrocellulose membranes, and probed with rabbit monoclonal or polyclonal antibodies. Western blots were developed using enhanced chemiluminescence and quantified using ImageQuantTL Analysis Software. GAPDH was the loading control.
[ handling activities were measured in heart homogenates as described (49) . Maximal number (B max) of specific [ 3 H]ryanodine binding sites were determined by incubating homogenates for 4 h at 24°C with a nearly saturating concentration of 20 nM [
3 H]ryanodine in 20 mM imidazole (pH 7.0), 0.6 M KCl, 0.15 M sucrose, protease inhibitors, and 0.1 mM Ca 2ϩ . Nonspecific binding was determined using a 1,000 to 2,000 fold excess of unlabeled ryanodine.
ATP-dependent 45 Ca 2ϩ uptake rates by heart homogenates were determined by filtration (49) . 45 Ca 2ϩ uptake was initiated by placing aliquots of homogenates for 2, 4, and 6 min in 0.15 M KCl, 20 mM imidazole (pH 7.0) containing 5 mM ATP, 8 mM MgCl 2, 5 mM K-oxalate, a Ca 2ϩ precipitating agent to increase Ca 2ϩ uptake capacity, 10 M ruthenium red to inhibit RyR2, 5 mM NaN3 to inhibit mitochondrial Ca 2ϩ uptake, 1 mM EGTA, and Ca 2ϩ and 45 Ca 2ϩ to yield a free Ca 2ϩ concentration of 0.4 M. HDAC phosphorylation and MEF2 activity. HDAC phosphorylation and MEF2 activity were determined in E16.5 heart (without atria) lysates as described (49) using GST-HDAC4 fusion protein (amino acids 419 -670) (4) and Active Motif TransAM MEF2 kit (Carlsbad, CA), respectively.
Biochemical assays and data analyses. Free Ca 2ϩ concentrations were measured using a Ca 2ϩ selective electrode. Results are expressed as means Ϯ SE. Multiple genotypes were compared by one-way ANOVA followed by Tukey's test. Differences between two genotypes were analyzed using Student's t-test. P Ͻ 0.05 was considered significant.
RESULTS
Echocardiography of 1-day-old Ryr2
ϩ/ϩ and Ryr2
ADA/ADA mice. To determine whether the RyR2 ADA mutation altered cardiac function in 1-day-old mice, echocardiography was performed on conscious animals. Heart rates of Ryr2 gous (445 beats/min) or WT (490 beats/min) mice (Table 1 ). In agreement with our previous finding, heterozygous ablation does not have a profound effect because binding of CaM to one or two subunits in the heterotetrameric RyR2 mutant channel is sufficient for CaM inhibition (5, 49) . Left ventricular enddiastolic and end-systolic dimensions were modestly increased in homozygous mutant mice (Supplemental Fig. S1 ), and fractional shortening obtained from the two parameters was significantly reduced in homozygous mutant mice (ϳ65% of WT; Table 1 ). None of the other left ventricular parameters were significantly different from WT mice ( Table 1 ADA/ADA hearts. As shown in Fig. 1 , ANP mRNA levels increased 2.5-fold in hearts of E16.5 Ryr2 ADA/ADA mice compared with WT, whereas expression of two other cardiac hypertrophy associated genes, ␤-MHC and BNP, was not significantly increased.
Canonical TRPC channels TRPC1, TRPC3, and TRPC6 promote cardiomyocyte hypertrophy and heart failure through the activation of calcineurin/NFAT signaling (8, 24, 31, 33, 40, 48) . mRNA expression levels of TRPC1 increased 1.35-fold in Ryr2 ADA/ADA hearts, whereas TRPC3 and TRPC6 mRNA levels were unchanged (Fig. 1) . At E16.5, heart protein content was unchanged [0.272 Ϯ 0.012 mg for Ryr2 ADA/ADA (n ϭ 16) vs. 0.272 Ϯ 0.010 mg for WT (n ϭ 16)]. The results suggest that although embryonic Ryr2 ADA/ADA heart protein content, and thus heart weight, was unchanged, there was evidence for gene expression changes as early as E16.5.
Class II HDAC/MEF2 signaling in E16.5 hearts. To determine whether class II HDAC/MEF2 signaling was upregulated in E16.5 Ryr2 ADA/ADA hearts, in vitro phosphorylation of a recombinant GST-HDAC4 fusion protein with CaMKII and PKC/D phosphorylation sites Ser467 and Ser632 was measured (4) . No difference was observed in the phosphorylation of HDAC4 in lysates from homozygous and WT hearts ( Fig. 2A) . In immunoblots, no significant differences were observed in protein expression level of HDAC5 and phosphorylation level of HDAC4-Ser246/HDAC5-Ser259/HDAC9-Ser220 (Fig. 2B) . Moreover, MEF2 transcriptional activity in E16.5 Ryr2 ADA/ADA heart lysates was not increased (Fig. 2C) . The results suggest that class II HDAC/MEF2 signaling was not upregulated in E16.5 Ryr2 ADA/ADA hearts. NFAT-dependent luciferase activity of E16.5 and postnatal Ryr2 ADA/ADA mice. As part of a compensatory response, regulator of calcineurin 1 (Rcan1) is upregulated in hearts expressing a constitutively active form of calcineurin (50) . We observed previously an increase in Rcan1 mRNA levels in 7-and 10-day-old but not in 1-day-old mutant hearts, which suggested a progressive increase in calcineurin signaling in postnatal Ryr2 ADA/ADA hearts (49) . To determine more directly the temporal changes of calcineurin/NFAT signaling, transgenic mice carrying the luciferase gene driven by NFAT-dependent promoter (47) ADA/ADA hearts were 2 and 7.5 times higher than in WT hearts, respectively, with a modest but not significant change (1.4 times) at E16.5 (Fig. 3) .
Knockout of CNA-␤ from Ryr2 ADA/ADA mice. Calcineurin is composed of the 60-kDa catalytic subunit calcineurin A (CNA) and the 19-kDa regulatory subunit calcineurin B (CNB). Two isoforms of CNA, CNA-␣ and CNA-␤, are expressed in cardiac muscle (37) . Since previous work showed that catalytic CNA-␤ has a specific role in regulating hypertrophic growth in hearts (7, 42) , Ryr2 ϩ/ADA mice were intercrossed with CNA-␤ knockout mice. Ryr2
ADA/ADA /CNA-␤ ϩ/ϩ mice died between 6 and 17 days after birth (Fig. 4A) and exhibited an approximately twofold increase in heart weight ( Fig. 4B) and heartto-body weight ratio (Fig. 4C) at day 10 compared with WT mice, as reported previously (49) . Homozygous ablation of CNA-␤ from Ryr2 ADA/ADA mice prolonged the life span to between 14 to 50 days (Fig. 4A ) and reduced the heart weight ( Fig. 4B) and heart-to-body weight ratio (Fig. 4C ) by ϳ25% and ϳ13%, respectively. Heterozygous ablation of CNA-␤ in 
Ryr2
ADA/ADA mice resulted in a modest (not significant) increase of life span (Fig. 4A) The effects of deleting CNA-␤ from WT and mutant mice on mRNA levels of several cardiac hypertrophy associated genes were examined. In agreement with our previous finding (49) , quantitative RT-PCR showed that mRNA levels for ␤-MHC, ANP, and BNP were upregulated in 10-day-old Ryr2 ADA/ADA / CNA-␤ ϩ/ϩ mice compared with WT (Fig. 5) were normalized by comparing them with respective E16.5 Ryr2 ϩ/ϩ bands. GAPDH was used as loading control. Data are means Ϯ SE of 6 WT and mutant samples each. C: MEF2 activity of heart lysates from E16.5 Ryr2 ϩ/ϩ and Ryr2 ADA/ADA mice. HDAC4 kinase and MEF2 activities were normalized to those of Ryr2 ϩ/ϩ (WT). Data are means Ϯ SE of experiments with 4 to 5 heart lysates. Fig. 3 . Nuclear factor of activated T cell (NFAT)-dependent luciferase activity of Ryr2 ϩ/ϩ , Ryr2 ϩ/ADA , and Ryr2 ADA/ADA mice. NFAT-dependent promoter driven luciferase activity was determined in hearts carrying NFAT-luciferase transgene as described in MATERIALS AND METHODS. Luciferase activities of E16.5, 1-day-old, and 10-day-old mice were normalized to age-matched WT littermates. Data are means Ϯ SE of 5 to 11 hearts. *P Ͻ 0.01 compared with WT at same age.
CNA-␤ in 10-day-old WT and Ryr2
ADA/ADA mice did not significantly alter expression of ␤-MHC, ANP, and BNP. mRNA levels of the second cardiac isoform CNA-␣ were modestly downregulated in Ryr2 ADA/ADA /CNA-␤ ϩ/ϩ , whereas no differences were observed in the expression levels between WT and Ryr2 ADA/ADA /CNA-␤ Ϫ/Ϫ mice. Thus genes implicated in cardiac hypertrophy were found to be upregulated in Ryr2 ADA/ADA mice even in the absence of CNA-␤.
Other signaling pathways associated with cardiac hypertrophy. The phosphorylation status of GSK-3␣ and -␤ and upstream protein kinases Akt1 and p90RSKs were examined in E16.5 Ryr2 ADA/ADA hearts. GSK3 is a serine/threonine kinase with two structurally similar isoforms, ␣ and ␤. An unusual feature of these kinases is that phosphorylation reduces their activity. Studies with knock-in mice suggest that phosphorylation of GSK-3␤-Ser9 leads to pathological cardiac hypertrophy during pressure overload, whereas phosphorylation of GSK-3␣-Ser21 has a compensatory role (27) . We observed a significant 1.5-fold increase in GSK-3␤-Ser9 phosphorylation and a more modest (1.15-fold, significant) increase in GSK-3␣-Ser21 phosphorylation in E16.5 Ryr2 ADA/ADA hearts compared with WT (Fig. 6, A and  B) . Total GSK-3␤ expression levels were unchanged. The results suggest that enhanced phosphorylation of GSK-3␤ may contribute to increased cardiac growth of postnatal mutant mice.
GSK-3␤ is phosphorylated and negatively regulated by a multitude of kinases including Akt1 and p90RSKs (13, 19, 41) . Of the two Akt isoforms expressed in heart, Akt1 regulates normal growth and Akt2 influences insulin signaling (10 -12) . Phosphorylation at Thr308 and Ser473 leads to activation of Akt1 (18) . Phosphorylation of Thr308 in Ryr2 ADA/ADA hearts was slightly downregulated at E16.5 and unchanged at Akt1-Ser473 (not shown). Furthermore, expression levels of pan Akt, or Akt1 alone, were not significantly altered (not shown). The data suggest that Akt1 phosphorylation is not a major early factor contributing to the phosphorylation and inhibition of GSK-3␤.
p90RSKs are a group of kinases that regulate diverse cellular functions including cellular growth, survival, and differentia- tion (1) . They lie downstream of Erk1/2 and upstream of GSK-3␤ (13, 19, 41) . Immunoblot analysis indicated increased phosphorylation levels at T202 and Y204 of Erk1, T185 and Y187 of Erk2 and T359 and S363 of p-p90RSK (Fig. 6, A and  B) , i.e., sites implicated in their activation (1, 35) . Total Erk1/2 and p90RSK1/2/3 expression levels were not significantly altered. Thus an early activation of the Erk/p90RSK signaling pathway may have a role in inhibiting GSK-3␤ activity in E16.5 Ryr2 ADA/ADA mice.
DISCUSSION
The present study makes use of several mouse models expressing dysfunctional cardiac ryanodine receptor with and without disruption of CNA-␤ expression to investigate the role of signaling molecules implicated in cardiac hypertrophy. We report that calcineurin/NFAT signaling, previously thought to have a critical role in pathological cardiac hypertrophy, is not significantly upregulated in embryonic Ryr2 ADA/ADA hearts and is not essential for cardiac hypertrophy in homozygous mice expressing a ryanodine receptor with mutations in the CaM binding domain that abrogate CaM binding. In addition, the studies suggest that class II HDAC/MEF2 signaling, another extensively studied signaling mechanism implicated in cardiac hypertrophy, is not upregulated in embryonic mutant hearts. In contrast, the data provide evidence that the Erk/p90RSK signaling pathway likely leading to reduced GSK-3␤ activity may have a role in promoting the development of cardiac hypertrophy in postnatal Ryr2 ADA/ADA mice. Cardiac hypertrophy is a complex process involving multiple signaling pathways that appear to initiate during the embryonic life of Ryr2 ADA/ADA mice. Echocardiography indicated that chamber dilation of the left ventricle and decreased fractional shortening were less severe in 1-day-old compared with 10-day-old mice. Even though heart weight was unchanged between WT and Ryr2 ADA/ADA E16.5 mice, there was evidence for upregulation of genes and enzymatic activities associated with cardiac hypertrophy in embryonic Ryr2 ADA/ADA hearts. Thus early changes in gene expression in the embryonic heart may contribute to the rapid and progressive cardiac growth response in postnatal Ryr2 ADA/ADA mice. To test for temporal changes in calcineurin and NFAT signaling, Ryr2
ADA/ADA mice were created that carried the luciferase transgene driven by the NFAT-dependent promoter. NFAT-dependent reporter activity is known to respond to stimuli that induce pathological hypertrophy, but not to stimuli associated with physiological cardiac growth (47) . In a previous study, the hearts of transgenic mice carrying the luciferase gene driven by NFAT-dependent promoter had a maximal basal NFAT-luciferase activity at postnatal day 3 (47) . We observed in hearts of E16.5 Ryr2 ADA/ADA mice a small increase in NFAT-luciferase activity, which was significantly upregulated in 1-and 10-day-old Ryr2 ADA/ADA mice. Thus an increased calcineurin signaling may have contributed to the rapid progression of cardiac hypertrophy in postnatal Ryr2 ADA/ADA mice.
Given that calcineurin/NFAT signaling was reported to be both necessary and sufficient for pathological cardiac hypertrophy (7), it was conceivable that Ryr2 ADA/ADA mice lacking ADA/ADA mice; however, this was expected to cause the early death of the mice (26, 34) .
In adult hearts, expression of ␤-MHC, ANP, and BNP are increased in cardiac hypertrophy. In agreement with an induction of genes for ␤-MHC, ANP, and BNP in response to pathological stimuli in postnatal hearts, increased mRNA levels of the three genes in hearts of 10-day-old Ryr2 ADA/ADA mice were observed. In contrast, only ANP mRNA levels were significantly increased in hearts of embryonic Ryr2 ADA/ADA mice. Different onsets for upregulation of the genes could be explained by structural difference in their promoters. Structural and functional analyses have revealed an ANP regulatory region for AP-1 and serum response factor (SRF), whereas ␤-MHC and BNP expression are regulated through M-CAT elements (22, 44) . It will be of interest to evaluate in future experiments the expression levels of these transcription factors in embryonic and postnatal mutant mice.
In pathological cardiac hypertrophy, phosphorylation of class II HDACs by Ca 2ϩ /CaM-dependent protein kinase II and protein kinases C and D results in their nuclear export and derepression of MEF2 signaling (3, 6, 28, 45, 51) . Previously, we showed that the phosphorylation status of HDAC4 and MEF2 activity increased in heart lysates of 1-day-old Ryr2 ADA/ ADA mice (49) . In the present study, MEF2 activity was not increased in heart lysates of E16.5 Ryr2 ADA/ADA mice. Moreover, no increase was observed in the in vitro phosphorylation of a HDAC4 fusion protein, which suggests that Ca 2ϩ /CaMdependent protein kinase II and protein kinases C and D activities were unchanged in E16.5 Ryr2 ADA/ADA hearts. We also found that Akt1 phosphorylation, thought to be associated with physiological cardiac hypertrophy, was unchanged in heart homogenates of E16.5 Ryr2 ADA/ADA mice. The results suggest that changes in other signaling molecules lead to the early upregulation of genes implicated in cardiac hypertrophy of Ryr2 ADA/ADA mice. Immunoblot analysis suggests that cardiac hypertrophy in Ryr2 ADA/ADA mice likely resulted in part from an early increased GSK-3␤ phosphorylation. A 1.5-fold increase of GSK-3␤-Ser9 phosphorylation with an only small (1.15-fold) increase in GSK-3␣-Ser21 phosphorylation was observed in E16.5 Ryr2 ADA/ADA hearts. By removing a negative control on cardiac hypertrophy, phosphorylation of GSK-3␤-Ser9 stimulates pathological cardiac growth response during pressure overload (27) . GSK-3␤ is phosphorylated by a multitude of kinases including Akt and p90RSK (13, 19, 41) . Our results suggest that the Erk/p90RSK signaling pathway may have a role in inhibiting GSK-3␤ activity. Conversely, lack of substantial increase in Akt phosphorylation argued against a major role for Akt1 in inhibiting GSK-3␤ activity. Phosphorylation of GSK-3␤ derepresses mediators of cardiac hypertrophy including GATA4 (30) and NFAT (2), which could explain why ablation of CNA-␤ only marginally affects cardiac hypertrophy of Ryr2 ADA/ADA mice. Further studies will be required to determine how a defective SR Ca 2ϩ release regulates signaling pathways leading to the early phosphorylation and inhibition of GSK-3␤ in embryonic Ryr2 ADA/ADA mice. Embryonic hearts differ from adult hearts in gene expression profile, cell-cell interactions, and Ca 2ϩ handling (25, 32, 36, 38, 39) . Mutant mice lacking RyR2 die at approximately embryonic day 10 with morphological abnormalities in the heart tube (43) . Functional RyR2s were detected in cardiomyocytes as early as embryonic days 9 to 10 (36, 38), supporting a role for RyR2 in embryonic heart. Thus a key feature of Ryr2 ADA/ADA mice is that they are likely subjected to aberrant SR Ca 2ϩ release at embryonic age earlier than 16.5 days. Neither CNA-␤/NFAT nor HDAC4/MEF2 activities were substantially upregulated at embryonic day 16.5 in the mutant mice. Rather, our data suggest that the Erk/ p90RSK signaling pathway likely leading to reduced GSK-3␤ activity may have a role in promoting the development of cardiac hypertrophy in postnatal Ryr2 ADA/ADA mice. The identity of additional mechanisms linking impaired SR Ca 2ϩ release to abnormal myocardial growth in Ryr2 ADA/ADA mice remains to be established.
